The heart rate of infested rested P. warreni was significantly lower (40.77 ؎ 13.79 beats/min; P < 0.02) than that in uninfested crabs (61.09 ؎ 29.02 beats/min) but the heart rate of infested crabs increased significantly with body mass (r ‫؍‬ 0.53, P ‫؍‬ 0.02). These findings suggest an interrelationship among organic pollution, microbial gill infestations, and specific pathological and physiological responses in the crab host. The role of P. warreni and its microbial gill communities as bioindicators of pollution are discussed.
INTRODUCTION
Protozoans such as Zoothamnium, Epistylis, and Lagenophrys spp. are colonial peritrichous ciliates that are thought to be ectocommensals and that occur in the water column and sediments of ponds and other freshwater systems. These ciliates become preferentially attached to a wide variety of metazoan species (Esch et al., 1976; Henebry and Ridgeway, 1979) . Their hosts include coelenterates, annelid worms, insect larvae, tadpoles, mollusks, fish, and crustaceans (Henebry and Ridgeway, 1979) . Some species of peritrichous ciliates, such as Lagenophrys sp., demonstrate a high degree of specificity in their host choice and feeding activity (Couch, 1973; Henebry and Ridgeway, 1979; Bodammer and Sawyer, 1981) . Moreover, protozoans, apart from contributing to the natural fauna of aquatic ecosystems, play an important role in the efficient functioning of wastewater treatment plants by feeding upon and decreasing bacterial populations (Varma et al., 1975; Curds and Fey, 1969) . Peritrichous ciliates are sensitive to a variety of abiotic and biotic factors including pH, temperature, depth, substrate composition, and dissolved oxygen and ammonia (Johnson et al., 1971; Varma et al., 1975; Sawyer et al., 1976; Bodammer and Sawyer, 1981) . Mass mortalities of commercially important decapod species have been linked to heavy infestations by peritrichous ciliates in overcrowded ponds maintained for aquaculture (Overstreet, 1973; Lightner, 1977; Couch, 1983; Sung et al., 2000) . High numbers of ciliates contribute to oxygen starvation or asphyxiation of decapods and teleosts (Overstreet, 1973; Lightner, 1977; Couch, 1978 Couch, , 1983 . Although little is known about the effects of these ciliates on their hosts, some authors (Henebry and Ridgeway, 1979; Bodammer and Sawyer, 1981; Sparks, 1985) have reported an impairment of swimming efficiencies in copepods with Epistylis infestations, whereas Lagenophrys sp. cause limited feeding and reproductive abilities together with erosion of cuticular gill surfaces of Callinectes sapidus. Moreover, scale erosion and hemorrhagic septicemia caused by Epistylis sp. with secondary infections by the gram-negative bacterium Aeromonas hydrophila have resulted in the release of lytic enzymes, which in turn induced mortality in centrarchid fish (Esch et al., 1976; Hazen et al., 1978) .
To date, no evidence has been found in the literature on the effects of these ciliated protozoans on the cellular and in particular the respiratory physiology of aquatic invertebrates and vertebrates. In 1995, during a multidisciplinary study on heavy metal pollution effects on the freshwater crab Potamonautes warreni, heavy peritrichous ciliate and bacterial infestations were detected for the first time on gill tissues of P. warreni collected downstream from an intense agricultural farming area in the Mooi River, Northwest Province, South Africa. Crabs collected from a location free of agricultural input revealed the absence of gill infestations. The objectives of this study were, therefore, to determine (a) whether heavy gill infestations by peritrichous ciliates and other protozoans and bacteria induce histopathological and physiological changes in P. warreni and (b) the impact of river water quality on the abundance of microbial gill infestations and physiological responses in P. warreni. The roles of P. warreni and its microbial community as a bioindicator of water quality were also investigated.
MATERIALS AND METHODS
Collecting sites. Wild indigenous populations of the freshwater crab P. warreni were collected from two sites, namely Bovenste Oog (Site 1), a source of one tributary of the Mooi River, and Noordbrug (Site 2) (26°40ЈS/27°05ЈE), approximately 60 km downstream of Site 1, and 1 km south of Potchefstroom Dam, and north of Potchefstroom Town, Northwest Province (NWP), South Africa. At Site 1, willow trees and water lilies provided extensive shading and the water flow was 1.17 m 3 /s (Brand, unpublished). The burrows of P. warreni were submerged in dolomitic rock crevices. In contrast, crabs at Site 2 were subjected to intense pig, chicken, and bovine/cattle farming further upstream, and their burrows were submerged in the riverbanks on a muddy substrate under full exposure to sunlight.
Water samples were collected from both sites at 10 cm below the surface in acid prewashed polyethylene bottles. Dissolved oxygen (DO), conductivity, pH, and temperature were measured on-site (Hannah Instruments). Chemical (chloride, sulfate, phosphate, and total hardness) and biological (bacterial counts) parameters were determined at the Grace Dearborn Consulting Laboratory, Klerksdorp, South Africa. Laboratory plate counts of coliforms (CFU) were correlated with BIOSCAN readings, expressed in related light units (RLU) with 70 or less RLU, equivalent to 1.0 ϫ 10 4 or less CFU, reflecting excellent or good conditions. Fair, poor, or severe conditions represented 150 RLU (1.0 ϫ 10 5 CFU), 300 RLU (1.0 ϫ 10 6 CFU), or 2000 RLU (1.0 ϫ 10 7 CFU), respectively. As the proportion of aerobic bacteria to other species can change over time, additional bacterial counts were undertaken at both sites.
Collection and maintenance of P. warreni. Visual field observations on the behavior, including the escape responses, of P. warreni were carried out diurnally at both sites, and the remains of exoskeletons and the presence of potential predators were noted. With baited rods of frozen mammalian liver, crabs (n ϭ 90) within the larger size classes (Ͼ40 g) were collected near their burrows and transferred in polyethylene containers with river water to the laboratory. To avoid possible cannibalism, crabs were acclimated individually at 24°C Ϯ 2 for up to 33 days under a normal light regime and maintained in black tubing, to simulate their burrows. Each crab was fed two pellets of cat food (Brand Epot) in freshly changed dechlorinated laboratory water twice a week.
Histopathological assays. Gill tissues of 10 intermolt crabs from each site were removed immediately upon their arrival at the laboratory. A further 20 crabs were examined after 23 days under laboratory conditions to observe any changes in their gill tissues associated microbial populations. The distal, mid, and proximal regions of the pleurobranch on thoracopod V, the posterior arthrobranch, and the podobranch on maxilliped III of individual crabs (Burggren and McMahon, 1988) were examined for the presence or absence of protozoans and bacteria. Gill tissues were preserved in Todd's fixative (Aldrich and Todd, 1986) for 12 h, washed in 0.1 M sodium cacodylate buffer twice for 20 min, postfixed in 1% osmium tetroxide for 1 h, and washed in distilled water three times for 20 min each. For transmission electron microscopy (TEM) gills were stained with 2% uranyl acetate for 30 min, washed three times in distilled water (20 min each), dehydrated in a series of acetone solutions (50, 70, 90, 100, 100%) for 15 min each, and embedded in Spurr's resin (Spurr, 1969) at 60°C for 8 h. Sections, 0.5-m thick, were stained in 0.5% toluidine blue and viewed first under a light microscope (Optiphot, Nikon, Japan).
Additionally, 100-nm sections were stained with 2% uranyl acetate and lead citrate (Reynolds, 1963) and examined under a Phillips CM10 transmission electron microscope. For scanning electron microscopy (SEM), after postfixation and dehydration, tissues were critically point dried in liquid carbon dioxide, coated with gold/palladium, and viewed under a Cambridge Stereoscan 250 scanning electron microscope. The proportion of gill lamellae infested with protozoans and bacteria was estimated, using a grid and SEM photographs, as follows:
infested area of the lamella ⅐ 100% total area of the lamella .
The protozoans and bacteria attached to the gill lamellae were identified after Couch (1973 Couch ( , 1978 Couch ( , 1983 , Foster et al. (1978) , Sparks (1985) , and Viljoen (1987) .
Physiology of P. warreni. The wet body masses of crabs from Site 1 (a range of 45.85-108.50 g) and Site 2 (a range of 64.13-104.43 g) were measured under controlled laboratory conditions at 10-day intervals at 3, 13, 23, and 33 days. Individual crabs were gently blotted dry to avoid water retention on the body surfaces prior to being weighed (Ϯ0.1 g) on a triple beam balance (Model 700; Ohaus Scale Corp., U.S.A.). Additionally, the carapace width for each crab was measured from the left largest antero-lateral marginal denticle to the right one.
Rates of specific oxygen consumption (Ṁ O2 ) were measured after 23 days under laboratory conditions with a respirometer chamber as described by van Aardt (1990b). Each of 20 uninfested and infested crabs was placed in 700 -900 mL of aerated laboratory water at 24°C in the respiratory chamber, covered with black plastic to reduce stress. After 1 h, the chamber was sealed airtight and measurements were recorded with a polarographic oxygen sensor. Care was taken to ensure that the oxygen tension (P O2 ) neither fell below 50% of the initial P O2 nor exceeded the critical P O2 within the crabs. The formula for specific O 2 consumption (Ṁ O2 ), described by van Aardt (1990b), was modified and defined as
where V is the net volume of water (mL) in the respirochamber (1000 mL), pP a is the barometric pressure at Potchefstroom, expressed in mm Hg, and ␣ is the dissolving coefficient (5.7878) of freshwater at 760 mm Hg and 25°C. The initial P O2 subtracted from the recorded P O2 is ⌬P O2 divided by the initial P O2 of the water in the chamber of the respirometer, which is the net volume of water (mL) in the chamber subtracted by the vapor pressure of the water at 25°C, i.e., 23.8 mm Hg ϫ 20.9%; 1000 is the O 2 consumption, expressed as kg wet body mass of the crab, W is the mass of the crab (g), R is the gas constant per mol O 2 (22.4 ml), and t⌬P O2 is the time, recorded for ⌬P O2 .
The heart rate of crabs was assayed as described by Depledge and Andersen (1990) and modified as follows: a 510N oscilloscope (Tectronix, USA) fitted with a D13 dual-beam storage SB10N time base and a SA 20N differential amplifier was used to record optocardiograms, taking a mean of 10 continuous readings per crab, with a 10-s time base at 0.2 or 0.5 mV. The carapace covering the heart region was ground down with a dental drill, and a U-shaped polyvinyl chloride holder was glued with cyanoacrylate (superglue) to the dorsal side of each carapace. Crabs were then allowed to recover and acclimate for 2 days to this condition before a reflective optocoupler (ROC) was fixed onto the polyvinyl holder, and measurements were subsequently taken after a further 1.5 h acclimation.
Statistical analyses. Data for growth, oxygen consumption, and heart rate of crabs are summarized as means Ϯ SD. The normality of continuous observations at each site was assessed by the Kolmogorov-Smirnov test. F tests for comparisons of equality of variances were then applied. The proportion of female and male crabs was tested by 2 . A Student t test was used to compare both groups of crabs if data were approximately normal. Otherwise data were transformed before application of the test. Crab mass was log-transformed and repeated-measures analysis of variance (Anova) was undertaken on increments in wet body mass over 10-day intervals at 3, 13, 23, and 33 days and on three calculated growth rate periods, i.e., from 3 to 13, 13 to 23, and 23 to 33 days. To ascertain whether changes of wet body mass provide an accurate measure of growth, the wet body mass of crabs was correlated (Pearson correlation) with the carapace width of 40 crabs of different sizes at Sites 1 and 2 (Wahl, 1998) . A Pearson correlation between Ṁ O2 and heart rate was calculated for infested and uninfested crabs. Furthermore, differences in heart rates and Ṁ O2 of crabs from each site were tested with analysis of covariance (Ancova) to allow for the effects that any covariate may have on these differences. Error bars in Fig. 4 represent the standard error (ϮSE).
RESULTS
Water quality measurements and behavior of P. warreni. The water flow rate at the source of the Mooi River, Site 1, previously recorded as 1.17 m 3 /s, was considerably reduced at the time of the study to 0.05 m 3 /s, and that at Site 2 was even less (0.0025 m 3 /s) (Table 1) . A number of physicochemical parameters showed pronounced increases at Site 2 compared with those at Site 1, and these included turbidity, conductivity, total dissolved solids, total hardness, and chloride, sulfate, and ammonia concentrations (Table 1) . Microbial analyses showed particularly high counts for E. coli at Site 2, although total aerobic and anaerobic viable bacteria were more numerous at Site 1 (Table 1) . The coloration of the exoskeleton of P. warreni was habitat dependent and an appropriate camouflage at both sites. Crabs from Site 1 were found mainly submerged, were quiescent, and demonstrated fast escape responses, whereas crabs from Site 2 spent a considerable time on land and especially those within the larger size classes (Ͼ70 g) moved more slowly than those from Site 1. A greater population density, especially of the larger-sized specimens, was present at Site 2 (Ն7 crabs/m 2 ) than at Site 1 (Յ1 crab/m 2 ). P. warreni at the latter site had been preyed upon by otters and possibly herons and the intact claws from exoskeleton remains of up to six crabs indicated a crab size class of 50 -70 g wet body mass.
Histopathology. The gill epithelium of uninfested intermolt P. warreni (Fig. 1A) , which is similar to that of other freshwater crustaceans and teleosts (Burggren and McMahon, 1988) , comprises thin squamous epithelia and trabecular cells (Johnson, 1980) , which extend vertically or obliquely from the cuticle to the center of the hemal canal (Fig. 1A) . Peritrichous ciliates, and filamentous, rod-shaped, and coccoid bacteria were identified on the apex and flat surfaces of the gill lamellae of intermolt P. warreni at Site 2 (Figs. 1B and 1C), whereas no microbial growth was observed in crabs from Site 1 (Fig. 1A) . Several motile species of protozoans displaced individual gill lamellae (Figs. 1B and 1C) and promoted bacterial growth along the lamellar apex, resulting in the narrowing of the interlamellar spaces. Heavy bacterial infestations produced a thickening of gill epithelium with a reduced hemal canal. Peritrichous ciliates, identified as members of the genera Lagenophrys, Epistylis, and Zoothamnium, were attached predominantly to the pleuro-and arthrobranchs, whereas the smaller podobranchs harbored heavy bacterial infections. Overall, infested gills were discolored, ranging from dark brown to black compared with light brown to mahogany in uninfested crabs.
Scanning electron microscopic examinations of gill lamellae in crabs from Site 1 (n ϭ 20) confirmed the absence of any microbial community ( Fig. 2A) , unlike the gills of crabs from Site 2 (n ϭ 20), where up to 20.49% Ϯ 1.73 of the gill lamellar area, i.e., 104 mm 2 of a total area of 520 mm 2 (see van Aardt, 1990a) , and in particular the interlamellar spaces were infested with protozoans and bacteria (Figs. 2B-2D ). Up to 70, 15, 10, and 5% of gill surfaces were infested with bacteria, Lagenophrys, Zoothamnium, and Epistylis spp., respectively, resulting in the microbial community being compacted and enmeshed in a polysaccharide-like film (glycocalyx).
Beneath the epi-and exocuticles of clean gill lamellae in crabs from Site 1 the plasma or microvillous membrane was extensively folded and formed the basal zone as assayed with TEM (Fig. 3A) . Mitochondria and vacuoles were characteristically found in epithelial cells and the basement membrane was irregularly folded, separating the epithelium from the hemal canal (Fig. 3A) . In contrast, initially and after 23 days under laboratory conditions, the ultrastructure of infested gill lamellae (Figs. 3B-3F ) of crabs from Site 2 indicated a loss of the basal membrane with extended subcuticular spaces. In the case of Lagenophrys sp. (Fig. 3B ) large vacuoles were present beneath the attached transparent and hemispherical lorica, which was separated from the epicuticle by an amorphous granular layer (not shown). Indentations of the cuticle, resorbed plasma membranes, and subcuticular spaces in the basal zones of gill epithelia were observed in the presence of densely packed bacterial colonies, which were separated from the cuticles and embedded in polysaccharide films (Fig. 3C) . The stalks of Zoothamnium and Epistylis spp. dilated the gill lamellae and large subcuticular spaces were formed in the basal zones under the stalk regions (Figs. 3D and 3E ). Extracellular material associated with bacterial attachments (Figs. 3E and 3F ), similar to the acidic polysaccharide slime layer formed by marine bacteria (Bodammer and Sawyer, 1981) , accumulated along the bases of the stalks of Zoothamnium sp. In Epistylis sp. the holdfast structure formed a terminal plate along the cuticle (not shown). Secondary infections by bacteria on the peritrichous ciliate stalks were not observed. Several large single hemocytes with numerous granules of electron-dense material were observed to circulate in the hemolymph space of lamellae of infested crabs (not shown), but were only occasionally present in gill tissues of clean crabs (Fig. 1A) .
Growth, oxygen consumption, and heart rate of P. warreni. Using a 2 test, no significant differences were found in the proportion of females or males collected from Sites 1 and 2 nor in the mean wet body mass of crabs, using a Student t test. The two variables carapace width and wet body mass showed significant positive correlations (Pearson correlation) in crabs from Site 1 (r ϭ 0.87, P Ͻ 0.001) and from Site 2 (r ϭ 0.68, P Ͻ 0.001). When values were log-transformed, significant differences in the increments of wet body mass (Fig. 4A ) and in the growth rates (Fig. 4B ) of both infested and uninfested crabs over time, during the 33 day period, were demonstrated (P Ͻ 0.001; repeatedmeasures Anova).
The rate of oxygen consumption in resting crabs from Site 2 was significantly higher (31.29 Ϯ 5.8 mol O 2 /kg/min; P ϭ 0.009; Ancova, Fig. 5B ) than that in crabs from Site 1 (27.92 Ϯ 5.6 mol O 2 /kg/min; Fig.  5A ), with the covariates wet body mass and sex. The difference between both populations in rested Ṁ O2 is therefore 3.37 mol O 2 /kg/min. Moreover, the Ṁ O2 decreased significantly with increasing wet body mass in uninfested crabs from Site 1 (r ϭ Ϫ0.50; P ϭ 0.02; Pearson correlation; Fig. 5A ), but not in infested crabs from Site 2 (r ϭ Ϫ0.08; P ϭ 0.75; Fig. 5B ).
Heart rates in resting P. warreni from Site 2 were significantly lower (40.77 Ϯ 13.79 beats/min; P Ͻ 0.02; Ancova; Fig. 6B ) than those from Site 1 (61.09 Ϯ 29.02 beats/min; Fig. 6A ), with the covariates wet body mass and sex. Moreover, the wet body mass and heart rate of infested crabs from Site 2 showed a significant positive correlation (r ϭ 0.53; P ϭ 0.02; Fig. 6B ). The variability in heart rate of quiescent crabs from Site 1 (Fig.  6A ) was linked to periods of pronounced brady-and tachycardia.
DISCUSSION
Heavy infestations by peritrichous ciliates, motile protozoans, and bacteria on the gills of P. warreni seem to be related to organic pollution at Site 2. Physiological changes in growth, oxygen consumption, and heart rate of P. warreni coincided with high levels of microbial infestation and associated pathological changes in the gills of the crabs.
Reduced rainfall over the past 20 years or so had led to a semi-drought climate in South Africa in March 1995. A lower water table and an extremely restricted water flow, together with intense farming further upstream, facilitated fecal contamination and ammonia pollution at Site 2. An acceptable limit for E. coli in potable water is 0/100 mL (Clark, 1993) , although alarmingly high counts of 11, 58, and 121 CFU and in some cases unlimited numbers of E. coli in 100-mL samples were recorded from a number of sites along the Mooi River in 1995. A combination of abiotic and biotic factors, including a higher population density of P. warreni at Site 2, provided optimal and habitatspecific conditions for microbial communities to flourish on the gill tissues of P. warreni.
The relatively low microbial species diversity may have arisen from these species becoming tolerant to fluctuating values of pH, Cl, CaCO 3 , SO 4 , NH 3 , dissolved oxygen, conductivity, and temperature in the presence of the populations of viable aerobic and anaerobic bacteria. Lower bacterial counts at Site 2 than at Site 1 may reflect past microfaunal outbreaks, becoming highly substrate specific (see Varma et al., 1975; Esch et al., 1976; Foster et al., 1978; Henebry and Ridgeway, 1979) . Henebry and Ridgeway (1979) also showed a reduction in microbial species diversity on artificial and animate substrates exposed to a variety of aqueous organic and inorganic pollutants. Crustacean gills, which represent a far more suitable and stable substrate than mud or rock, are ventilated by gill bailers to provide a constant flow of water, containing dissolved oxygen and bacteria (Foster et al., 1978; Couch 1978 Couch , 1983 Hazen et al., 1978; Gannon and Wheatley, 1992) .
Mass mortalities of wild and aquacultured populations of marine and freshwater crustaceans and teleost fish have been linked with hypoxia, due to high levels of microbial species on the gills, but the effects of microbial activity on pathological and physiological changes in crustaceans have received little attention. In the present study, at Site 2, 20.49% Ϯ 1.73 (104 mm 2 ) of the total area of 520 mm 2 (see van Aardt, 1990a) of the gill lamellae of P. warreni were infested with dense clumps of protozoans and bacteria enmeshed in polysaccharide films. Differing modes of attachment shown by this microbial community caused profound, persistent, and species-specific changes in the gill epithelia of P. warreni. The physical barrier caused by the attachments of peritrichous ciliates impaired respiratory and ion exchange in P. warreni. In addition, chemical changes by lytic enzymes of dense bacterial colonies, enmeshed in polysaccharide-like films, may have resulted in damage to the cuticular surfaces of crabs at Site 2 (Hazen et al., 1978; Couch, 1978 Couch, , 1983 . However, secondary infections, by Aeromonas hydrophyla on the stalks of Epistylis sp., which were reported to produce red-sore disease in centrarchid fish (Hazen et al., 1978) , were not detected in the present study. Common lesions in the presence of all attached microbial species included large subcuticular spaces and vacuole formation at the basal zone of the thin squamous epithelia, together with mitochondrial migration into the immediate proximity of the exocuticle in infested lamellar tissues. Oxygen uptake thus was severely restricted or completely ceased in infested lamellar tissues. Adamczewska et al. (1997) reported an increase in acidosis in the hemolymph and low lactate levels in P. warreni, and Gannon and Wheatly (1992) found similar results in C. sapidus infested with the barnacle Octolasmis muelleri. P. warreni is therefore likely to maintain its aerobic metabolism, as lactate levels seemed unchanged, and the acidic contribution, linked to anaerobiosis, is attributed to other factors. Decreased urea excretion caused by the physical barrier created by the attached microfauna, may have partly contributed to acidosis in the hemolymph, as P. warreni demonstrated low permeability to water and a 90% urinary salt conservation (Morris and van Aardt, 1998) . Cellular necrosis, on the other hand, typically associated with ammonia pollution, was not evident. Hemocytes have been linked to gluconeogenesis in the hemolymph (Johnson et al., 1973; van Aardt, 1987) , and this may explain the origin of acidic loads in the hemolymph of infested P. warreni. Hemocytes are also involved in nonspecific immune defense mechanisms. Antibacterial substances, which are produced in intracellular granules of decapods, are readily exocytosed in the presence of endotoxins and contribute to the formation of acidosis (see Smith and Radcliffe, 1980; Chisholm and Smith, 1992; Xylander et al., 1997; Sung et al., 2000) .
Oxygen consumption was considerably reduced in rested infested P. warreni from Site 2 (31.29 Ϯ 5.8 mol O 2 /kg/min) compared with previous recordings (45.1 Ϯ 7.7 mol O 2 /kg/min) made by van Aardt (1990c) . A reduction in Ṁ O2 is likely to occur in crabs harboring heavy microbial infestations in the gill tissues. The Ṁ O2 in rested P. warreni from Site 2 was significantly greater than that in clean crabs from Site 1. Oxygen consumption does, however, vary considerably in decapod crustaceans relative to size, temperature, season, and their physiological state (Burggren and McMahon, 1988) . In the present study, microbial respiration is unlikely to account for a significant difference in Ṁ O2 (3.37 mol O 2 /kg/min) between both P. warreni populations. Furthermore, damage to the gill lamellae would have prevented up to 20% of O 2 uptake, i.e., 104 mm 2 of a total area of 520 mm 2 , and the equivalent of 3.37 mol O 2 /kg/min would have been available for microbial respiration. Many ciliates do have higher respiration rates relative to body mass than other invertebrates (Foissner, 1999) , but the proportion of mass relative to the wet body mass of P.
warreni is minute and hence the majority of the oxygen consumption would have been derived from the crab host. Niederlehner and Cairns (1992) The greater Ṁ O2 in rested infested compared to uninfested P. warreni may be due to an enhanced delivery of oxygen to the gill tissues via modified hemocynin-O 2 binding characteristics (Gannon and Wheatly, 1992) . It is also likely that uninfested crabs compensated for any decrease in oxygen supply with an increase in the rates of ventilation and perfusion. Any increase in the perfusion rate derived from an elevated cardiac output would limit the time taken for gas exchange to occur in metabolizing tissues (Gannon and Wheatly, 1992) . Gannon and Wheatly (1992) showed that C. sapidus infested with O. muelleri maintained the same Ṁ O2 as uninfested crabs, but exhibited an increase in the heart rate. Duthie and Hughes (1987) demonstrated that trout were able to maintain the same levels of resting Ṁ O2 despite 30% of their gill surface areas being cauterized.
The lower heart rate of infested P. warreni reflects a sluggish metabolism, lethargic behavior, and reduced growth rate compared with uninfested crabs. The low cost of energy in the locomotor activity of P. warreni may have been invested in ventilatory pumping (Gannon and Wheatly, 1992), which in turn would necessitate continuous perfusion of the branchial circulation and continuous cardiac pumping. The ventilatory flow in the branchial chamber and between gill lamellae of infested crabs at Site 2 would be severely restricted, resulting in a decrease in ventilatory pumping as reported by Gannon and Wheatly (1992) . This may explain the low but constant heart rate with an increase in body mass in adult crabs at polluted Site 2; the increased levels of ammonia at Site 2 (Table 1 ) may in addition have contributed to a decline in heart rate, as shown in the freshwater crayfish Pacifastacus lentusculus (Bloxham et al., 1999) .
Overall, P. warreni and its microbial community appear to be relatively resistant to environmental changes. In the presence of high bacterial densities, P. warreni does not exhibit any visible extracellular defense mechanisms, as in the case of mucus secretion by teleosts (Handy, 1989) . The gill cuticle of P. warreni does, however, produce a dense granular polysaccharide film on exposure to increasing concentrations of cadmium of 0.2, 0.5, and 1.0 mg Cd 2ϩ /L over a period of 21 days, when analyzed with TEM X-ray microanalyses (P.-M. M. Schuwerack, unpublished). The dense microbial community on the gills of P. warreni disappeared after exposure to cadmium for 7 days, but whether this was due to the secretion of a polysaccharide-like film on the gill surface in the presence of cadmium requires further investigation.
FIG. 6.
The relationship between heart rate and wet body mass in resting uninfested (A) compared with infested (B) P. warreni of Site 1 and Site 2, respectively. Intra-and interpopulation differences were analyzed with Ancova and Pearson correlation.
The suppressed metabolism and consequently reduced and slow movements of P. warreni induced by the attached microbial community appears to have changed the territorial and cannibalistic behavior of the crabs at Site 2. Many protozoan species exhibit preference for attachment to sessile hosts or to those with little locomotory activity (Henebry and Ridgeway, 1979) . However, there is no clear evidence of a parasitic strategy for coexistence by the microbial community, as the growth rate of the crab host declines. Nevertheless, in view of the potential for pathological interference with the host's metabolism, it would be of interest to reevaluate the host-gill microfaunal association and to assess whether the community of bacteria and protozoans are ectocommensal or ectoparasitic on P. warreni.
Any evaluation of species sensitivity to pollution or disease in the presence of multiple stressors is extremely complex. In the present paper, a high proportion of bacterial species (Ͼ70%) enmeshed in an extracellular matrix prevented accurate analyses of species richness and sensitivity with fluctuating environmental parameters. The low species diversity and high degree of persistence of peritrichous ciliates on the gills of P. warreni under changing environmental conditions suggest, that such a microbial community in association with P. warreni is worthy of investigation to further our understanding of ecosystem functioning. Potamonautes warreni appears to have adapted to heavy microbial gill infestations by compensatory mechanisms, including an enhanced delivery of O 2 at uninfested respiratory tissues. The present observations thus suggest, that specific pathological, physiological and behavioral responses in P. warreni, leading to a suppressed metabolism, makes this crab species a potential bioindicator for organic pollution.
